Sensing nutrients is a fundamental task for all living cells. For most eukaryotic cells glucose is a major source of energy, having significant and varied effects on cell function. Interest in identifying mechanisms by which cells sense and respond to variations in glucose concentration has increased recently. The epithelial cells lining the intestinal tract are exposed, from the luminal domain, to an environment with continuous and massive fluctuations in the levels of dietary monosaccharides. Enterocytes therefore have to sense and respond to the significant changes in the levels of luminal sugars, and regulate the expression of the intestinal glucose transporter (Na + /glucose co-transporter, SGLT1) accordingly. Our data, using a combination of in vivo and in vitro model systems, suggest that glucose in the lumen of the intestine is sensed by a glucose sensor residing on the external face of the enterocyte luminal membrane. Glucose binds to the sensor and generates an intracellular signal leading to enhancement in the expression of SGLT1. The generated signal is independent of glucose metabolism and is likely to operate via a G-protein-coupled receptor and cAMP/protein kinase A signalling cascade.
Introduction
Sensing nutrients is a fundamental challenge for all living cells. It is important for the intestinal epithelial cells, enterocytes, which are exposed from the luminal domain to an environment with continuous and massive fluctuations in the levels of dietary nutrients. Enterocytes, therefore, have to sense and respond to the significant fluctuations in luminal nutrients, such as monosaccharides, and regulate their function accordingly. The ability of the gut mucosa to sense the chemical composition of the luminal contents is therefore essential to its function.
For most eukaryotic cells glucose is a major source of energy, having significant and varied effects on cell function. Maintaining glucose homoeostasis is consequently of great importance to many organisms. Interest in identifying mechanisms by which cells sense and respond to variations in glucose concentration has increased lately, and promising advances have been made [1] . Until recently, research into intracellular signalling mechanisms whereby glucose regulates genes in mammalian cells has been undertaken largely without reference to simpler organisms. However, it is becoming apparent that similar mechanisms may be involved in both cases and may have been conserved throughout evolution. The consensus is that glucose could act on target cells either by binding to a receptor at the cell surface, or through its metabolism. Mechanisms involved in glucose Key words: glucose sensing, G-protein-coupled receptor, intestine, Na + /glucose co-transporter (SGLT1). Abbreviations used: CaR, Ca 2+ -sensing receptor; GPCR, G-protein-coupled receptor; PKA, protein kinase A; SGLT1, Na + /glucose co-transporter. 1 To whom correspondence should be addressed (e-mail spsb@liv.ac.uk).
sensing, by eukaryotic cells, through cell-surface receptors is the major discussion point of this review.
Glucose sensing in yeast
Yeast cells, Saccharomyces cerevisiae, prefer glucose as a carbon source [2] and have evolved mechanisms for sensing and responding to wildly fluctuating levels of extracellular glucose. These mechanisms involve a large family of hexose transporters (HXT proteins) and the glucose transporter homologues Snf3 and Rgt2. Snf3 and Rgt2 are plasmamembrane glucose-sensing proteins with no detectable transport activity. They sense the extracellular glucose and generate an intracellular glucose signal that triggers the induction of HXT gene expression [3] . Using Snf3/Rgt2 double mutants it was shown that, in yeast, glucose sensing and signalling are receptor-mediated processes and are independent of glucose metabolism [3] . Additionally, a novel GPCR (G-protein-coupled receptor), Gpr1, which senses external media glucose, has also been identified. Gpr1 acts via the G-protein, Gpa2, to initiate a cAMP/PKA (protein kinase A) signalling cascade [4] [5] [6] . Gpr1 is activated by glucose and transmits a signal, via Gpa2, to adenylate cyclase. Glucose activation of cAMP synthesis requires active sugar phosphorylation but no further metabolism of sugar. The glucose-sensing Gpr1/Gpa2 system for activation of the cAMP pathway in Saccharomyces cerevisiae appears to be the first example of a nutrient-sensing GPCR system.
Glucose sensing in the tongue
An animal's first internal analysis of potentially ingested stimuli is provided by the tongue. Taste cells in the taste buds of the tongue epithelium have mechanisms that can distinguish chemical compounds, such as sugars, having potential nutritional value. Recent advances have been made in the understanding of taste-transduction mechanisms [7] . It has been shown that the transduction of sweet-tasting compounds involves activation of GPCRs on the apical surface of taste receptor cells. The cascade of events involved is dependent on a number of factors, including the properties of the taste stimulus. In the case of saccharides, GPCR activation activates adenylate cyclase, increasing cAMP, which directly or indirectly (via cAMP-dependent protein kinase) closes basolateral K + channels, depolarizing taste receptor cells. Synthetic sweeteners such as saccharine and D-amino acids activate a different GPCR that in turn activates phospholipase C to produce inositol trisphosphate and diacylglycerol. The inositol trisphosphate increases intracellular Ca 2+ , and the diacylglycerol phosphorylates and closes basolateral K + channels. Both pathways can co-exist in the same taste receptor cells [8] . Recent evidence obtained in transgenic mice suggests that gustducin, a taste-specific transducin-like Gprotein α-subunit, may be involved in the transduction of both saccharides and natural sweeteners [9] .
GPCR involvement in intestinal nutrient sensing
Examples of GPCRs serving as sensors in the mammalian intestine have been reported recently. The extracellular CaR (Ca 2+ -sensing receptor) is distributed widely in the gastrointestinal tract [10] and recognizes and responds to Ca 2+ and other polyvalent cations. CaR is a member of the mGluR (metabotropic glutamate receptor) family of GPCRs, and is responsible for maintaining Ca 2+ homoeostasis by regulating parathyroid hormone release [11] . Recently CaR has also been shown to function as an amino acid sensor, responding to aromatic and other L-amino acids [12] . It had long been known that the release of aromatic amino acids, such as phenylalanine, in the gut linked protein ingestion to gastric acid and pancreatic enzyme secretion, but the amino acid receptor and sensing mechanism had not been identified.
A more recent report showing that a GPCR, GPR40, expressed throughout the gastrointestinal tract, but most abundantly in the pancreas, functions as a receptor for long-chain non-esterified ('free') fatty acids, and further emphasizes the role of GPCRs in nutrient-sensing in the intestine and associated organs [13] . By activating GPR40, long-chain non-esterified fatty acids amplify glucosestimulated insulin secretion from pancreatic β-cells [13] .
Intestinal glucose sensing
The Na + /glucose co-transporter, SGLT1, transports the dietary monosaccharides D-glucose and D-galactose across the enterocyte brush-border membrane. It has been demonstrated in a number of species that luminal glucose regulates the activity and expression of SGLT1 by mechanisms independent of glucose metabolism [14] [15] [16] [17] [18] .
Sheep intestine has proved to be an excellent model system for the study of monosaccharide regulation of intestinal sugar transport [16, 19] . In pre-ruminant lambs (birth to 3 weeks) milk sugar lactose is hydrolysed by the intestinal lactase into D-glucose and D-galactose, and these sugars are transported by SGLT1. As lambs are weaned, normally between 3 and 10 weeks of age, their diet changes from milk to grass, and the rumen develops. Dietary carbohydrates are fermented by rumen microflora to short-chain fatty acids, selectively blocking the delivery of monosaccharides to the small intestine [20, 21] . Associated with the decline in luminal sugars, there is a decrease of over 50-fold in the levels of SGLT1 protein and mRNA [22] . Infusion of either D-glucose or nonmetabolizable analogues of D-glucose, via duodenal cannulae, into the intestinal lumenal contents of ruminant sheep enhances the levels of functional SGLT1 protein and mRNA over 50-fold, reaching the levels detected in the intestine of the pre-ruminant lambs [17, 22, 23] . Sugar-induced SGLT1 expression occurs in the brush-border membrane of enterocytes just below the crypt-villus junction, with SGLT1 expression spreading to the villus tip with cell migration along the crypt-villus axis [17, 24] . To assess if the transport of sugar across the brush-border membrane into the enterocyte is required for enhancement of the expression of intestinal SGLT1, a membrane-impermeable glucose analogue, di(glucos-6-yl)polyethylene glycol 600, was synthesized. Furthermore, it was shown that this compound is stable in the intestinal lumenal environment. Introduction of this compound into the lumenal content of the ruminant sheep led to an increase in the expression of intestinal SGLT1. This glucose analogue did not, however, inhibit Na + -dependent glucose transport activity into ovine brush-border membrane vesicles. It was concluded that the monosaccharide in the lumen of the intestine is sensed by a sugar sensor, which is located on the lumenal surface of the intestinal epithelial cell membrane, and is distinct from SGLT1.
In vitro studies using an intestinal cell line, STC-1, demonstrated that the enhancement in SGLT1 abundance, induced by increased media glucose, was accompanied by a significant increase in the level of intracellular cAMP [25] . To delineate the signal-transduction pathway by which the glucose sensor might operate, the effects of modulators of cAMP levels on (i) SGLT1 protein expression and (ii) the activity of the SGLT1 promoter fragment containing a glucose-response element [22] were investigated.
A membrane-permeable PKA agonist, 8-bromo-cAMP, was shown to mimic the glucose-induced activation of the SGLT1 promoter. 8-Bromo-cAMP also increased the levels of SGLT1 expressed endogenously in the cell line. The glucose-induced SGLT1 promoter activity was inhibited, in a dose-dependent manner, by the PKA antagonist H-89
The potential role of G-proteins in glucose sensing in the intestine was investigated. Addition of pertussis toxin, a G-protein (G i )-specific inhibitor, to the intestinal cell line grown in low-glucose conditions enhanced SGLT1 abundance similarly to that observed with high-glucose or 8-bromo-cAMP. The demonstration of the presence of Gα subunits on the brush-border membrane of ovine enterocytes was consistent with the proposed mechanism [25] .
It is suggested, therefore, that glucose in the lumen of the intestine is sensed by a glucose sensor residing on the external face of the enterocyte luminal membrane. Glucose binds to the sensor and generates an intracellular signal leading to enhancement in the expression of SGLT1. It is evident that the generated signal is independent of glucose metabolism and may work via a GPCR and cAMP/PKA signalling cascade.
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